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ABSTRACT 


Step  recovery  diodes  (S.R.D.'s)  are  now  developed 
to  the  extent  that  appreciable  power  can  be  supplied  at 
U.H.F.  and  microwave  frequencies  by  solid  state,  S.R.D. 
harmonic  generators.  However,  if  a  single  diode  has 
insufficient  power  handling  capability  for  a  particular 
application,  one  or  a  combination  of  the  following  tech¬ 
niques  is  often  utilized; 

(1)  Replace  the  single  diode  by  an  N-diode 
array  or  chain,  thus  increasing  the  power  handling 
capability  by  N. 

(2)  Combine  the  outputs  of  N  separate  harmonic 
generators  by  means  of  a  summing  device. 

This  thesis  deals  with  a  practical  design  technique 
of  the  2nd  type  (summing)  for  a  two  diode  frequency  doubler. 
The  object  is  to  demonstrate  that  comparable  performance 
and  circuit  symplicity  can  be  achieved  utilizing  the  summing 
technique. 

Initially  the  one  diode  doubler  is  analyzed 
and  experimental  results  for  two  such  multipliers  are  given. 
From  the  data  obtained  a  method  is  proposed  which  would  provid 
for  greater  ease  in  tuning  a  multiplier  containing  several 


Following  this,  the  design  and  performance  of 
two  frequency  doublers,  each  employing  two  diodes,  are  given. 
The  first  uses  the  A/2  phase  shift  array  principle  as 
described  by  Parker  and  Grayzel  in  1966.  The  second  consists 
of  two  separate  doublers,  with  a  device  to  sum  their  outputs. 
The  summing  device,  a  stripline  adaptation  of  the  Wilkinson 
hybrid  circuit,  provided  the  necessary  isolation  between 
output  ports  and  had  low  insertion  loss. 
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CHAPTER  1 
Introduction 


Harmonic  frequency  multipliers  are  normally 
two-port  networks  consisting  of  one  or  more  non-linear 
devices  in  connection  with,  wave  filters.  The  input 
terminals  accept  an  input  power  (P^)  at  a  frequency  FpT, 
and  the  output  (F>ou-t)  is  available  at  an  output  fre¬ 
quency  F0ut=:nFipj,  where  n=2,3>4 .  Since  the  output 

frequency  is  an  integral  multiple  of  the  input,  the 
frequency  stability  of  the  output  will  be  the  same  as 
that  of  the  input.  The  efficiency,^  =?out/pIN,  depends 

on  the  driving  frequency,  order  of  multiplication,  power 
level,  and  the  non-linear  device  employed.  Figure  1.1 
illustrates  the  basic  components  of  a  harmonic  generator. 


L .  P  F//fer  g  p.  Fitter 


FIG.  1.1 
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The  basic  electrical  requirements  of  a  single 
stage  multiplier  as  shown  in  Fig.  1.1  are: 

(A)  The  input  must  pass  power  at  the  driving 
frequency  only.  Harmonics  generated  in  the 
device  must  be  reactively  isolated  from  the  input 
circuit  to  prevent  undesired  power  dissipation 

in  the  source  impedance,  and  the  disruption  of 
the  operation  of  the  preceeding  multiplier  if 
one  exists. 

(B)  For  maximum  conversion  efficiency,  the 
source  and  load  must  be  conjugately  matched 
to  the  device  by  suitable  networks. 

(C)  Power  must  be  allowed  to  flow  in  the 
output  circuit  at  the  output  frequency  only 
for  reasons  analogous  to  those  given  in  (A). 

(D)  For  multiplication  ratios  greater  than  two, 
currents  at  intermediate  harmonics  (less  than  the 
output  frequency)  may  be  allowed  to  flow  through 
the  non-linear  device  by  the  use  of  parallel  con¬ 
nected,  lossless,  series-tuned  "idler"  circuits. 
Although  not  present  at  the  input  or  output,  these 
idler  currents  interact  with  the  fundamental  and 
various  harmonics  to  give  more  efficient  generation 
of  the  desired  output. 

(E)  A  suitable  bias  voltage  across  the  device  is 
necessary.  This  is  usually  accomplished  in  one  of 
two  ways:  self  bias  using  a  resistor  or  fixed  bias 
using  an  external  power  supply. 


’  ' 
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The  non-linear  capacitance  and  charge  storage 
characteristics  of  the  varactor  (variable  reactance) 
diode  make  it  an  ideal  device  for  frequency  multiplication. 

It  has  gained  pox^ularity  in  applications  where 
reliable  solid  state  microwave  power  is  required  such  as 
local  oscillators,  parametric  amplifier  pumps  and  trans¬ 
mitters.  Varactors  are  semiconductor  P-N  junction  diodes 
which  exhibit  a  useful,  voltage-dependent  capacitance 
when  they  are  biased  between  the  forward  conduction  region 
and  reverse  breakdown.  Most  are  made  from  silicon,  gal¬ 
lium  arsenide  or  germanium,  their  characteristics  opti¬ 
mized  by  the  proper  choice  of  semiconductor  material  and 
fabrication  technique.  In  reverse  bias,  the  capacitance 
as  a  function  of  voltage  can  be  expressed  by  the  following 
equation  (Fig.  1.2), 

c?=  Cp  +  Cno  . ( 1 ' 1  ^ 

(i+  vB  7s 

H 

where  Crp  =  total  capacitance  of  varactor 

G  — 

P  -  package  capacitance 

C  •  =  junction  capacitance  at  zero  bias 

DO  d 

V-n  =  applied  reverse  bias 

D 

0  =  contact  potential 

n  =  exponent  of  capacitance  variation 
*  The  exponent  n  is  a  function  of  the  [junction  type  (ie) 
n  =  |  for  abrupt  (alloyed)  junction,  n  -  l/3  for  graded 


(diffussed)  junction. 
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Fig,  1.2  NORMALIZED  JUNCTION  CAPACITANCE  OF  A  TYPICAL 
VARACTOR 

This  relationship  can  be  predicted  from  the 
depletion  layer  behavior.  Under  reverse  bias,  the  structure 
acts  very  much  like  a  charged  capacitor,  with  the  depletion 
layer  representing  the  dielectric  and  the  semiconductor 
material  adjacent  to  the  depletion  layer  representing  the 
two  conductive  plates  (FIG.  1.3).  If  an  external  volt¬ 
age  is  applied  across  the  junction  as  to  reinforce  the 
contact  potential  (reverse  bias),  the  depletion  layer  width 
increases  resulting  in  a  capacitive  decrease.  If  a  for¬ 
ward  voltage  is  applied,  the  depletion  layer  width  de¬ 
creases.  However,  if  the  external  voltage  is  sufficiently 
large  so  that  the  device  is  driven  near  or  to  forward  con¬ 
duction,  two  correction  capacitances  become  important. 

The  first  accounts  for  the  fact  that  the  depletion  layer 
is  not  well  defined  because  of  imperfect  shielding  of 
majority  carriers,  and  the  other  accounts  for  charge 
stored  in  the  injected  minority  carriers  (diffusion  capa¬ 
citance)  . 
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FIG-.  1  . 3  P-N  Junction  (Simplified)  Under  Reverse  Bias 

When  fully  driven  or  over  driven  (forward 
conduction  occuring)  all  three  mechanisms  contribute  to 
harmonic  generation,  their  relative  importance  being  de¬ 
pendent  on  the  doping  profile.  For  n  =  - §-  and  1/3  (step 
and  linearily  graded  junction),  variation  of  depletion 
layer  capacitance  in  the  reverse  bias  region  is  the 
principal  cause  of  non-lineari  ty .  For  h.».  2 ,  a  typical 
range  for  the  step  recovery  varactor,  charge  storage  is 
the  predominant  effect.  This  diode  type  has  gained  wide 
popularity  for  its  greater  power  handling  capability  and 
linearity  of  power  output  with  changes  in  input  power. 

The  relationship  between  power  handling  capa¬ 
bility  (P  )  and  varactor  characteristics  is  given  by: 

P  c<  C  V  2  . (1.2) 

r  o  B 

where  =  voltage  (reverse  bias)  breakdown  of  the  junction 
CQ  =  junction  capacity  at  zero  bias. 

When  a  single  diode  has  insufficient  power 
handling  capability  for  a  desired  application,  n  diodes 
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are  often  combined  such  that  they  are  electrically 
equivalent  to  a  single  diode  having  approximately  n 
times  the  power  handling  capability.  This  equivalence 
must  be  achieved  at  the  input,  output  and  idling  fre¬ 
quencies.  As  a  simple  example,  placing  two  varactors 
in  series,  where  their  physical  dimensions  were  much 
less  than  a  quarter  wavelength,  would  effectively 
double  the  power  handling  capability.  A  second  method 
for  obtaining  high  output  power  would  be  the  summation 
of  power  from  n  separate  multipliers.  Although  seem¬ 
ingly  less  complicated  from  a  design  viewpoint,  a  major 
disadvantage  would  seem  to  be  cost  as  n  circuits  of  the 
type  shown  in  Figure  1.1,  and  a  summing  device  would  be 
necessary.  However,  with  proper  isolation  between 
multipliers,  the  problem  of  instability  in  the  form  of 
"chain"  oscillation  due  to  higher  order  resonances  (which 
may  be  unknowingly  introduced  in  a  conventional  varac¬ 
tor  array)  would  be  greatly  reduced. 

The  purpose  of  this  study  is  to  examine  and 
verify  a  practical  design  technique  for  a  high  power, 
two-diode,  frequency  doubler.  Background  material  in 
Chapter  two  concerning  the  step  recovery  diode  operation, 
the  one  diode  multiplier  and  present  techniques  of  com¬ 
bining  diodes  in  multi-diode  multipliers,  is  presented  for 
purposes  of  comparison  and  understanding  of  the  ensuing 
chapters.  In  order  to  give  greater  insight  into  practical 
design  methods  of  frequency  multipliers  and  step  recovery 
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diode  phenomena,  the  one -diode  doubler  was  initially  con¬ 
sidered.  The  design  and  performance  of  two  such  mul¬ 
tipliers  with  a  proposed  method  of  tuning  an  n  varactor 
chain  is  given  in  Chapter  three.  This  is  followed  by  a 
study  of  higher  power  multipliers  in  Chapter  four.  Ini¬ 
tially  the  theoretical  performance  and  experimental  re¬ 
sults  for  the  A/2,  two  diode  doubler  constructed  are  dis¬ 
cussed  as  the  A/2  phase  shift  array  is  perhaps  the  most 
common  method  utilized  for  combining  diodes  in  high  power 
multipliers. 

The  latter  part  of  the  chapter  deals  with  the 
design  and  performance  of  the  stripline  adaptation  of  the 
Wilkinson  power  divider  (used  as  a  summing  device)  and  the 
circuit  (addition  of  power  from  two  separate  multipliers) 
in  which  it  is  employed.  A  comparison  is  made  between 
this  multiplier  and  those  designed  using  conventional 
methods.  Conclusions  are  given  in  Chapter  five. 


CHAPTER  II 


Review  Of  Step  Recovery  Diode  And 

Frequency  Multiplier  Theory 

2. 1  Qualitative  Analysis  Of  The  Step  Recovery  Diode 


Step  recovery  in  P-N  junctions^  1  ^ 1  }  ^  ^  is  a 
function  of  charge  storage,  a  familiar  phenomenon  in  the 
application  of  semiconductor  devices.  With  a  P-N  junction 
forward  biased,  majority  carriers  from  one  region  (P  or  N) 
are  injected  into  the  other  (N  or  P)  to  form  minority  car¬ 
riers.  If  permitted  to  remain  there  for  a  sufficient 
amount  of  time,  these  minority  carriers  recombine  with 
majority  carriers  to  produce  current  flow.  The  time  in¬ 
terval  between  injection  and  recombination  is  related  to 
the  minority  carrier  lifetime  of  the  material.  In  the 
interval  between  the  time  of  injection  and  recombination, 
these  minority  carriers  are  effectively  stored  charges 
contributing  to  junction  capacitance. 

If  the  time  interval  when  the  junction  is  for¬ 
ward  biased  is  less  than  the  carrier  lifetime,  a  majority 
of  the  injected  carriers  can  be  swept  back  across  the  junc¬ 
tion  to  become  majority  carriers  again  before  significant 
recombination  occurs.  Step  recovery  occurs  when  the  min¬ 
ority  carriers  are  returned  in  a  bunch.  Such  a  movement 
of  carriers  constitutes  a  current  waveform  as  shown  in 


Fig.  2.1. 


Pestsf/r/fy 
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Fig.  2. /  M/cpowaye  cuppea/t  ivayefopm  of  s/puso/da lly 

SWITCHED  STEP  PECOYEPY  D/ODE 


F/G. 


2.2 


/mpup/ty  ppofjl  e  or  STEP  pecoyepy  d/ode 
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(  5  ) 

The  impurity  profilev  '  shown  in  Fig.  2.2 
enchances  step  recovery  as  the  electric  fields  set  up  by 
the  steep  impurity  gradient,  only  a  short  distance  away 
from  the  depletion  region,  tend  to  confine  the  minority 
carriers  to  the  depletion  layer,  rather  than  permitting 
them  to  disperse. 

Application  of  the  step  recovery  mechanism 
yields  a  frequency  multiplier  with  relatively  linear  power 
characteristics  since  the  percentage  of  harmonic  current 
generation  is  not  a  significant  function  of  signal  level. 

If  self-biasing  is  employed,  the  shape  of  the  current 
wave  remains  constant  over  a  considerable  input  power 
range. 

Series  resistance,  which  is  the  primary  loss 
mechanism  common  to  all  varactors,  is  a  function  of  volt¬ 
age  in  the  step  recovery  diode.  By  employing  the  impurity 
profile  shown  in  Fig.  2.2,  the  resistivity  near  the  junc¬ 
tion  can  be  made  high  (thus,  increasing  reverse  bias  break¬ 
down  voltage)  without  changing  the  average  resistivity. 
Moreover,  when  reverse  voltage  is  applied,  the  spread 
of  the  depletion  region  (^resistivity)  into  the  high 
resistivity  regions  actually  dissipates  them,  leaving  only 
the  low  resistivity  portion  of  the  material  to  contribute 
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to  r  .  As  the  time  the  varactor  is  in  the  reverse  bias 
s 

condition  is  large  compared  to  the  forward-bias  condition, 
the  total  series  resistance,  (thus  loss)  is  substantially 
reduced  despite  the  increase  in  resistivity  at  the  junction. 

2.2  Mathematical  Model  For  The  One-Diode  Doubler ^ 1 ^ ^ ^ 


To  simplify  the  following  analysis,  it  is  assumed 
that  the  minority  carrier  lifetime  is  infinite  and  that 
the  diode  has  an  ideal  step  function  capacitance  voltage 
relationship  in  which  is  very  large  so  that  = 

^/C'MAX  0  2.3).  The  schematic  diagram  of  the  multi¬ 

plier  considered  is  shown  in.  Fig.  2.4.  Since  the  multi¬ 
plier  considered  here  contains  no  idlers,  only  currents 

i  and  i  are  allowed  to  flow.  (Pig.  2.4). 
o  n 

Let  the  charge  waveform  be  given  by: 

q  =  qosin(wQt  +'©Q)  +  qnsin(wnt  +  ©n)  . (2.1) 

where  w  =  nw  .  Then  the  current  is  given  by: 
no  D 

i  =  dp_  =  qowQcos(wot  +  0Q)  +  wnqncos(wnt  +  ©n) . (2.2) 

dt 

Assuming  that  q  =  o  at  t  =  o  and  that  n  is  even,  the 
elastance  waveform  will  be  a  square  waveform  function  of 
time  given  by: 


S(t)  =  S 


MAX 


[  1  +  >  4  J 1  -  (-1  ) 


K 


TT 


2K 


sinKw^t  ]....( 2 . 3  ) 


K“  I 


Hta  *  input  frequency 

Wn  »  output  frequency 

V>vc  -  yo/tage  o cross  D/ode  at  input  frequency 

Vwn  «•  yottage  ocross  O/cde  at  output  frequency 


Fa  Fn 


FIG,  2,4  Schematic  Diagram  Of  Multiplier 


C(m) 

C/nox,  - 


c 


m/n 


+v 


Idealized  Capacitance  Vs.  Voltage 


FIG 


2.3 
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The  diode  voltage  is  given  by: 

V(t)  =Js(  t).i(t)dt  . (2.4) 

Substitution  of  equations  2.2  and  2.3  into  2.4  yields 

Vw0(t)  =  SMAX  %sin(vV  +  V  -  flJAX  W  C0S<V  ~  V 

2  w  '  n  +  1 

o 

-  cos(wQt  +  ©n)  . (2.5) 

n  -  1 

Vw  (t)  =  SMAX  <lnsin(wnt  +  V  ~  SMAX  %wo  cos(V  +  e0  > 

2  n  n  -  1 

+  cos(wQt  -  0n)  (2.6) 

n  +  1 

Hence  the  input  power  is  given  by: 

P(w0)  =  woir/W°('  Vw  (t)  .  (qowocos(wQt  +  ©Q)dt . (2.7) 

“2  J  0 

o 

If  ©  =o,  the  maximum  value  of  P(w  )  occurs  when  ©  = 

o’  v  o  n 

(2S  +  1 )  where  S  is  an  integer,  ie. 

P(  Wo  Wx  =  WnSMAX  q  q  . * . (2.8) 

— - - -  ^o -n 

tt  (n  -1  ) 

If  the  conversion  efficiency  of  the  diode  is  /j?  ,  the  out¬ 
put  power  is  given  by: 

P^Wn^MAX  ~  wnSMAX  •  ^  q^  . (2.9) 

tt  (n2-1  ) 

The  cutoff  frequency  of  the  diode  is  defined 

as:  F_  =  1  *  . .' . (2.10) 

C  ?  0  r 
^  Ws 


see  footnote  of  page  14. 
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letting  ra  =  w^(n^  -  1)  . (2.11) 

2w  n 
c 


and  a  =  m  +  /l  +  . (2.12) 

then  ansin(vnt'J  -  sin(nw  tj  =  ck . (2.13) 


o 


where  t*  is  time  when  total  charge  is  a  maximum  (ie. 
i  =  dq/dt).  By  substitution: 

. (2.14) 


2  2 

P(w0)  =  an  woqB 


-  an  wqVb  Cmin 


-1)  -1) 


*  The  diode  acts  as  a  source  of  power  at  the • 

h'th  harmonic  of  the  input  frequency.  These  results  are 
true  only  for  a  loss  free  diode  and  in  order  to  take  into 
account  practical  devices  it  is  assumed  the  diode  is 
represented  by  a  constant  loss  resistance  rg  in  series 
with  the  variable  junction  capacitance.  (Fig.  2.5) 


/AW 


C(v) 


FIG.  2.5 


Diode  Equivalent  Circuit 


• 
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This  theory  was  based  on  Judd's  work^^ 
although  others w’  ’  have  treated  a  similar  case.  Judd 
obtained  reasonably  good  experimental  verification.  How¬ 
ever,  the  following  assumptions  (made  to  simplify  the 
analysis)  will  have  undoubtedly  contributed  error: 

(1)  The  diode  switched  with  negligible  trans¬ 
ition  time  as  a  function  of  the  input  frequency. 

(2)  r  ,  the  series  resistance  or  loss  mech- 

o 

anism  of  the  diode,  is  assumed  to  be  constant. 

This  is  valid  only  in  the  high  reverse  or  for¬ 
ward  bias  regions. 

(3)  For  calculations  of  bias  resistance,  the 

linear  recombination  law  is  assumed  (i^  =  q+/r 

where  ^  =  minority  carrier  lifetime,  and  q+  is 

the  mean  value  of  the  positive  half-cycle  of 

the  charge  waveform  for  the  step  recovery 
diode ) . 

2. 3  Basic  Design  Techniques  In  Multi-Diode  Harmonic  G-enerators 

High  power  frequency  multipliers  can  be  constr¬ 
ucted  with  n  diodes  arranged  in  such  a  fashion  that  in¬ 
put  and  output  power  is  shared  equally  among  them.  Several 
conf igurations  or  arrays  utilizing  more  than  one  diode  have 
been  constructed  to  date  with  no  appreciable  loss  in  effi¬ 
ciency.  A  complete  review  of  all  of  them  will  not  be 
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attempted  in  the  following  discussion  but  rather  an 
analysis  of  basic  arrays  which  in  turn  can  be  combined 
to  produce  more  intricate  ones  will  be  considered. 

By  connecting  varactors  in  series  (Pig.  2.6),  the 
output  power  capability  is  increased  over  that  of  single 
devices.  If  n  varactors  are  series  connected,  increases 

by  nV-p.  and  C  decreases  by  C  /n.  Thus  the  power 
BO  0/ 

handling  capability  has  been  increased  by  n. 


Pr  =  £o  (nVB)2  =  nCoVB2 
n 


and  the  cutoff  frequency  f  =  _ 1 


(2.15) 


has  not  been  affected.* 


2  C  r 
v  s 


(9) 


In  1965  Irwin  and  Swan w 7  examined  series  stacked  assemblies 
with  packaged  varactors  soldered  together,  one  on  top  of 
the  other.  Full  advantage  of  the  series  connection  could 
not  be  obtained  because  heat  could  not  be  readily  removed 
from  the  upper  varactor.  To  utilize  the  increased  power 
dissipation  capability,  all  chips  in  the  structure  must 
be  efficiently  coupled  to  a  heat  sink.  (Fig.  2.7) 


*  In  the  series  connected  or  stacked  varactor  chip, 

r  ,  the  series  resistance  ( semiconductor  bulk  and  contact 
resistance)  is  increased  by  a  factor  "n".  It  is  assumed 
that  the  interconnec ting  leads  are  of  negligible  resistance. 
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The  number  of  chips  which  can  be  placed  in  a  series 
connected  varactor  is  limited  by  the  physical  dimensions 
of  the  package.  When  its  size  becomes  appreciable  with 
respect  to  a  quarter  wavelength  at  the  operating  fre¬ 
quency,  unequal  power  distribution  occurs.  Arrays  in 

which  varactors  are  separated  by  phase  shift  networks 

(10  11) 

are  often  used  to  overcome  this  difficulty  ’  .  If 

networks  with  appropriate  image  impedances  and  equal  phase 
shifts  0  are  placed  between  each  diode  as  shown  in  Pig. 

2.8,  then,  at  the  input  frequency,  all  varactors  will 
be  matched  and  each  will  be  driven  by  the  same  amount 
of  power.  At  the  output  frequency  (riF  ) ,  each  varactor 
works  like  a  voltage  source  with  -n  times  the  phase  angle  of 
its  input  voltage.  If  networks  with  appropriate  image 
impedances  and  phase  shifts  of  +n0  (at  the  output  fre¬ 
quency)  are  placed  between  each  diode,  all  output  power 
from  individual  diodes  appears  at  the  load.  As  an  example, 

the  /\/2  type  of  array  shown  in  Pig.  2.9  has  been  extensively 

( i  o  1  1  ^ 

used  as  a  doubler  ’  4  At  the  input  frequency,  power 

is  shared  equally  among  the  diodes  (Fig.  2.10).  At  2Fq, 
the  output  frequency,  each  varactor  is  electrically  equi¬ 
valent  to  a  voltage  source  with  2x  the  phase  angle  of  its 
input  and  a  phase  shift  of  A  between  adjacent  diodes  (Fig. 
2.11).  Thus  all  output  power  from  individual  diodes  app¬ 
ears  at  the  load,  when  the  varactors  are  perfectly  matched. 
Symmetry  has  also  been  utilized  in  arrays  to 
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produce  both  even  and  odd  order  multipliers.  Penfield 

(12) 

and  Rafuse's  bridge  circuitv  '  is  an  effective  even 
harmonic  generator  (Fig.  2.12)  with  four  times  the  nor¬ 
mal  power  handling  capability,  while  Avellino’s  harmonic 
generatorv  '  (Fig.  2.13)  is  capable  of  producing  only 
odd  harmonics. 
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F/o.  2.9 


Fig.  2./0 


Fig.  2.  / / 
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Equivalent  circuit  for  F/o.  2.9  at  output  frequency  ( 2f0) 
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F/o.  2. /2  Odd  harmonic  generation  w/th  opposing ly  biased  d/odes 
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CHAPTER  III 
The  One-Diode  Doubler 


3. 1  Introduction 

In  a  frequency  multiplier  containing  several 
diodes,  tuning  often  becomes  a  tedious  procedure  as 
individual  stages  are  coupled  to  one  another.  One  me¬ 
thod  of  overcoming  this  problem  is  the  separate  tuning 
of  stages  before  final  circuit  assembly.  However,  the 
practical  limitations  of  this  method  are  obvious.  Since 
high  power  multipliers  employing  several  diodes  were  to 
be  considered  in  this  project,  practical  tuning  techniques 
were  of  interest.  To  provide  greater  insight  into  this 
problem  as  well  as  the  characteristics  of  the  step  re¬ 
covery  diode,  the  one  diode  doubler  was  initially  con¬ 
sidered. 

Two  such  multipliers  were  constructed,  one 

( 8 ) 

capable  of  matching  over  a  wide  range  of  impedances, 
the  other  employing  i  wavelength  transformers.  Strip 
transmission  line  was  chosen  for  its  relatively  low  cost, 

weight,  size  and  ease  in  fabricating  microwave  circuits 
(14,15,16,17,18,19,20,21).  shunt,  rather  than  the 

series  conf iguration,  was  chosen  for  the  following  rea¬ 


sons  : 


(1)  From  a  mounting  standpoint  (Fig.  3.2), 
the  shunt  conf iguration  was  more  convenient 
and  provided  for  efficient  heat  sinking. 

(2)  In  the  shunt  arrangement,  only  currents 
at  the  fundamental  and  output  frequency  can 
flow  through  the  diode,  whereas  in  the  series 
configuration,  currents  of  the  2nd  and  all 
higher  harmonics  can  flow.  Thus  in  the 
latter  case,  losses  will  be  greater  and  it 

is  more  difficult  to  separate  desired  and  un¬ 
desired  frequencies. 

3 . 2  Tunable  Single  Diode  Doubler  Design  and  Performance 

Since  the  diode  impedance  was  not  known  exactly, 
and  since  widely  varying  conditions  of  input  power  were 
to  be  examined,  the  system  consisted  essentially  of  a  low 
loss  stripline  circuit  capable  of  converting  a  wide  range 
of  impedances  to  5 Oil.  The  adaptation  uses  the  principle 
that,  for  A/ 2  length  of  line  between  the  load  and  genera¬ 
tor,  perfect  matching  may  be  obtained  with  one  shunt 
capacitance,  variable  in  both  magnitude  and  position  on 
the  line.  This  was  accomplished  by  the  use  of  tuning 
screws  as  illustrated  in  Fig.  3.3. 

Single,  open  circuited  stubs  form  simple  input 
and  output  filters  and  isolate  (to  a  first  approximation) 


. 
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the  input  and  output  (Pig.  3.4). 

A  seemingly  more  logical  arrangement  for  single 
stub  filtering  would  be  attained  by  replacing  stub  ( 1 ) 
(Pig.  3.4)  by  a  A/4  stub  (at  1GHz)  terminated  in  a  short 
circuit.  The  A/8  stub  was  chosen  for  the  following 
reasons : 


(l)  From  bias  considerations,  it  was  necessary 


to  isolate  the  short  circuit  if  the  A/4  stub 


was  incorporated. 

(2)  The  A/8  stub  did  not  affect  the  real  part 
of  the  impedance,  but  merely  decreased  the 
inductive  reactance  seen  by  the  fundamental 
reactance  at  the  stub  intersection  (Fig.  3.5). 
The  circuitry  used  to  obtain  experimental 


results  is  shown  in  Fig.  3. 1 ,  input  versus  output  power 
in  Fig.  3.6,  output  power  versus  frequency  in  Fig.  3.7, 
and  both  forward  conduction  current  and  output  power 
versus  bias  voltage  in  Fig.  3.8. 


Bias 


Power 

Mefer 


Frequency 
Genera  for 


/  OHz 


S/n'p/ioe 

Coupler 


D/rectiona / 
Coupler 


FIG.  3.1  Tunable  Doubler  Test  Circuitry 


■ 
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Because  the  percentage  of  harmonic  generation 
in  the  step  recovery  diode  is  not  a  significant  function 
of  signal  level,  but  primarily  of  waveform,  linear  power 
characteristics,  as  verified  in  Pig.  3*6,  are  to  be  expected. 
In  obtaining  these  results,  only  the  bias  was  retuned. 

(Table  3*1)  Output  power  (P(w  ))  as  a  function  of  bias  (for 
maximum  efficiency)  is  usually  given  by  a  relationship  of 
the  form: 


P(wq)  -  KVb  Cmin 


(3*  1  ) 


Judd^\  Roulston^^  and  others^  ^  have  derived 

expressions  of  this  form  assuming  the  step  recovery  diode 

operation  was  based  on  two  discrete  states  of  reactance, 

and  its  ability  to  switch  rapidly  between  these  states. 

For  bias  levels  sufficiently  high  that  the  reverse  bias 

capacitance  is  relatively  constant,  the  above  expression 

holds  (Table  3*1)*  However,  for  low  bias  levels  where 

capacitance  is  not  constant,  poor  agreement  is  obtained. 

The  capacitance  voltage  characteristics  for  the  Motorola 
(  3 ) 

IN5151  step  recovery  diode  utilized  are  shown  m  Fig. 

3.9.  For  reverse  bias  greater  than  10V,  capacitance  is 
relatively  constant.  However,  for  the  bias  region  O^V^^IO, 
the  capacitance  can  be  approximated  as  an  exponential  function 
of  voltage  of  the  form  C  =  KVn  ( C  =  1  1 . 38V  *^PF.  +  10^). 


Z5 


Experimental  Normalized  VB  /P^wo' 
Power  Out  P(wq)  Fixed  Bias  Exp.  Bias  J  CMIN 


.063 

8.2 

.  766 

.37 

.21 

8.9 

.830 

.69 

.437 

10.7 

1 

1 

.58 

12.0 

1.12 

1.15 

.  866 

15.  1 

1.41 

1.41 

1.98 

21.8 

2.02 

2.  16 

2.42 

27.0 

2.  53 

2.39 

TABLE  3.1 

Relationshiio 

Between  Bias 

And  Output 

Output  power  versus  frequency  for  the  fixed 
tuned  case  is  shown  in  Fig.  3.7.  A  3db  bandwidth  of 
approximately  2 .5$  was  obtained  with  output  isolation 
of  the  fundamental  (F  )  in  the  order  of  15db.  By  in¬ 
creasing  the  bias  for  a  constant  input  signal,  the  input 
output  isolation  was  decreased.  This  is  indicated  in 
Fig.  3.8,  where  for  bias  levels  greater  than  or  equal 
to  19  volts,  output  power  is  of  the  fundamental  fre¬ 
quency.  At  this  bias  level,  forward  conduction  ceased, 
indicating  that  the  diode  was  no  longer  operating  in 
the  charge  storage  mode. 

Biasing  of  the  step  recovery  diode  may  be 
accomplished  in  one  of  two  ways,  self  bias  using  a 
resistor,  or  fixed  bias  with  an  external  power  supply. 
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The  latter  was  used  to  obtain  experimental  data.  Self 
bias  has  the  advantages  of  low  cost,  a  degree  of  tem¬ 
perature  compensation,  and  self-adjustment  for  different 
input  levels,  its  only  disadvantage  being  that  diode 
variation  will  necessitate  different  values  of  bias 
resistance  if  optimum  performance  is  required.  A  com¬ 
parison  of  the  two  techniques  with  respect  to  effici¬ 
ency  is  shown  in  Pig.  3.10.  A  one  megohm  potentiometer 
was  used  as  the  bias  resistor. 

3. 3  Proposed  Method  For  Tuning  n  Diode  Multipliers 


Recombination,  due  to  a  finite  minority 
carrier,  lifetime  t  ,  is  the  major  mechanism  responsible 
for  leakage  current  in  the  step  recovery  diode.  As  a 
first  approximation  the  direct  current  flowing  in  the 
bias  circuit  is  given  by:  i^  =  q+ 

where  q+  is  the  mean  value  of  the  positive  half  cycles 
of  the  charge  waveform  for  the  step  recovery  diode.  Con¬ 
sidering  a  typical  current  waveform  for  the  step  recovery 
diode  (Fig.  3.11),  the  following  relationship  must  hold: 


h 


o 


/  idt-  / 
o 


1 


t 


'recomb 


-  / 


3 


idt  =  0 


t, 


It  is  assumed  that  charge  storage  under  reverse  bias 
condition  is  negligible. 
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0  Approx,  d/ope  admittance  at  punda menta l 
(?)  D/ode  admittance  transpormed  ro  stub  0 
(1)  Admittance  op  stub  0  at  pundamental  prequency 
Admittance  seen  by  generator  at  stub  intersection 
(ie  A  omittance  0  -  Admittance  ©  *  Q) ) 
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Z9 


/n  put  Power  (  LYo/fs) 


F/g.  3-6  Input  vs  output  power  /n  watts  (  Tunable  doubler ) 


F/g.  3.7  Output  power  vs  erequencv  pop  tunable  doubler  (no  retun/ ng) 
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Vp  ,  Reverse  Fo/ Large  ( l/o/Ls) 
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F/g.  3.9  I/aractop  ca  pa  c/  taros 

FOP  Mo  TOPOL  A  //V  3/ 5/ 


TOPS  OS  PEI/ERSE  POL  TAGE 
STEP  PECO/FPy  D/OOE. 


Power  Out  ( Wot/ s ) 


32 
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FIG,  3.11  Typical  Current  Waveform  For  A  Step  Recovery 
Diode 


Figure  3.8  shows  the  variation  of  forward 
conduction  current  in  the  bias  circuit,  as  a  function  of 
the  bias  voltage.  For  optimum  efficiency  there  exists 
a  particular  bias  voltage  and  current.  Their  product  is 
a  maximum  for  maximum  efficiency  as  predicted  from  Judd's 
theory^ \  From  Section  2.2,  output  power  in  a  harmonic 
generator  is  given  by 

P(wo)  =  a.n2woVE2CMIN  . (3 

TT  oc  2(n2_1  ) 

Since  inn  =  q+/V  assuming  linear  recombination,  then 
the  average  voltage  across  the  diode  is  given  by: 


VC  ~  SMAXq+ 


(3.3) 
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Since  =  ^DQrB  where  rB  ^-s  bhe  bias  resistance,  then: 


-p  —  e  X— 

B  “  MAX  “ 


'MIN 


(3.4) 


Substituting  (3.4)  into  (3.2)  one  obtains 


P(w  )  =  a  w  T  n 
o  o 


V 


B 


(3.5) 


TT  cx2(n2-1  ) 


r 


B 


From  data  (obtained  either  experimentally  or 
mathematically)  correlating  both  optimum  bias  voltage  and 
current  to  various  input  power  levels,  one  would  have  two 
parameters  (bias  voltage  and  current)  to  tune  individual 
varactors  in  a  chain.  The  following  method  is  proposed 
to  provide  greater  ease  in  tuning  an  n-diode  array: 

(1)  From  diode  data,  set  the  optimum  bias 
voltage  if  fixed  bias  is  employed  or  the  opti¬ 
mum  resistive  value  for  the  self  bias  case,  for 
the  expected  power  level  incident  on  each  diode. 

(2)  Proceed  to  tune  the  interstage  coupling 
networks  between  the  diodes  such  that  the 
desired  forward  conduction  current  in  each  diode 
occurs.  This  method  makes  it  immediately 
apparent  if  a  diode  is  being  either  over  or 
under  driven.  In  the  former  case,  the  con¬ 
duction  current  will  be  greater  than  expected 
whereas  in  the  latter,  the  opposite  is  true. 

This  fact  is  illustrated  in  Figure  3.8.  By 
decreasing  the  bias  (effectively  increasing  the 
input  signal),  forward  conduction  current 


. 


' 
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increased.  By  increasing  bias  (effectively  reducing 
incident  power),  conduction  current  decreased  until 
finally  the  diode  was  operating  completely  in  the  re¬ 
verse  bias  region. 

This  technique  is  also  useful  if  additional 
diodes  are  to  be  employed  as  matching  or  switching 
devices  in  a  multiplier.  By  monitoring  the  leakage 
current  (direction  and  magnitude),  it  becomes  apparent 
if  the  device  is  operating  in  its  intended  fashion. 

The  above  method  by  no  means  makes  tuning  of 
long  varactor  chains  a  trivial  task.  However,  by  moni¬ 
toring  the  forward  conduction  current  in  each  diode, 
the  effect  of  tuning  a  particular  interstage  coupling 
network  on  power  levels  at  other  diodes  in  the  circuit 
becomes  immediately  visible.  Incorrect  tuning  of  a 
particular  stage  in  a  multiplier  would  become  apparent  as 
bias  currents  elsewhere  in  the  circuit  would  deviate 
considerably  from  their  expected  values. 


■ 


3.4 


A  Narrowband  Single  Diode  Doubler 


The  tunable  doubler  (Sect.  3.2)  was  useful 
for  experimental  purposes  because  of  its  versatility  in 
matching  over  a  wide  impedance  range.  However,  when  the 
diode  impedance  is  known,  it  is  customary  to  use  match¬ 
ing  elements  such  as  tt  sections  or  quarter  wave  trans- 
(21) 

formers  .  These  matching  devices  are  usually  employed 
in  commercial  multipliers  for  reasons  of  economy  and  con¬ 
struction  ease.  It  was  thus  of  interest  to  construct  a 
frequency  multiplier  incorporating  fixed  matching  devices. 

In  order  to  design  matching  networks  between 
the  source,  diode,  and  load,  it  is  necessary  to  know  the 
input  and  output  impedance  of  the  device  under  the  ex¬ 
pected  operating  conditions.  Although  work  in  this  area 
has  been  done,  it  is  difficult  to  predict,  theoretically, 

the  exact  impedances  as  the  step  recovery  diode  mechanism 
(op  oh 

v  *  1  is  not  completely  understood.  The  values  for 

diode  impedance  were  taken  from  the  manufacturers’  data 

(  5 ) 

v.  Quarter  wavelength  transformers  were  employed  as 
matching  devices,  strip  transmission  line  was  utilized, 
the  diode  mounting  scheme  being  the  same  as  in  Fig.  3.2. 

3, 3  Derived  Narrowband  Doubler  Design  Equations  And  Results 


. 


■ 
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A  simplified  multiplier  circuit  is  shown  below  (Fig.  3.12). 


I  P  F//fer 


Mo/ch/ng 
A/e  A  work 
0 


■*r 


A/o/c/y/Pg 
A/e /wo r/ 


B.PF///er 


FIG.  3.12  Simplified  Multiplier  Circuit 

Wh en  designing  matching  sections  (1)  and  (2), 
consideration  must  be  given  to  the  out-of-pass  band 
impedances  contributed  by  the  filters.  For  example,  the 
bandpass  filter,  at  the  fundamental  frequency,  will  have 
some  impedance  (essentially  reactive)  X^.  The  impedance 
seen  at  A  by  the  fundamental  will  be  the  diodes  in 
parallel  with  * ,  the  transformed  filter  impedance.  It 
is  advantageous  to  choose  such  that  X^'  is ,  as 
the  effect  of  changes  in  filter  characteristics  due  to 
aging,  input  power  level,  frequency  shift,  etc. ,  is 
reduced  when  the  diode  impedance  is  small. 

The  stripline  circuit  (center  conductor  shown) 
in  Fig.  3.13  will  be  considered,  the  above  requirements 
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being  satisfied  by  proper  choice  of  circuit  geometry. 
Although  a  doubler  is  designed,  the  method  can  be  ex¬ 
tended  to  higher-order  multipliers  with  the  inclusion 
of  the  necessary  idlers.  The  analysis  presented  holds 
for  any  type  of  diode  as  arbritrary  dynamic  impedance 
is  assumed. 


A yg‘  SOsi/ine  '/f  wave  /eng  fh  X  former  C^t/)  ^  wave  /erg/h  X  former 


FIG.  3 « 1 3  Stripline  Design  For  Narrowband  Doubler 
(Top  View  Of  Ctr.  Conductor) 


R-,  + 

R2+ 

XF1  = 
XF2  = 
ZT1  = 

7  _ 

^T2  “ 


The  list  of  symbols  is  given  below, 
phase  velocity  in  stripline  of  fundamental  (w  ) 
phase  velocity  in  stripline  of  first  harmonic  ( 2w  ) 
diode  impedance  at  fundamental  (w  ) 
diode  impedance  at  first  harmonic  ( 2w  ) 

band  pass  filter  impedance  at  wq 
lowpass  filter  impedance  at  2wq 
impedance  of  i(w  )  wavelength  transformer 
impedance  of  i(2w  )  wavelength  transformer 
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Distance  1^  and  the  input  quarter  wavelength  transformer 
will  be  considered  initially  (Fig.  3.13).  Distance  1 
must  be  chosen  such  that  the  diode  impedance  (seen  by 
the  fundamental  at  P)  transforms  to  some  real  value 
at  Q,Rq.  Input  matching  will  then  be  achieved  by  making 
the  quarter  wavelength  transformer  impedance,  ,  the 

square  root  of  the  product  of  Rq  and  50ji,  Ignoring  the 
effect  of  the  bandpass  filter,  the  diode  impedance 
seen  by  the  fundamental  at  P  is: 

Zp  =  Ri  +  jX^  . (3.6) 


This  impedance  transformed  to  Q  will  assume  a 
value  Rq  such  that 

RQ  =  RQ  (R1  +  jX1)cosB1lA  +  jR0sinB1lA 

"R0co sB | l"A . +  ■'■J(R7“T”3xp s i nB  1 1A .  (3,7) 

equating  real  and  imaginary  parts 

Rq  =  R^  +  RQ2  +  +  (R1 2  +R02+X12)2“4R12Rq2 

2R1  . ..(3.8) 

1.  =  _1_tan~1X1Rn 

1  VrV  . (3-9) 

input  matching  will  be  accomplished  when 

hi  =  . (3,10) 

Two  choices  for  Rq  are  available,  the  smaller  being  pre¬ 

ferable  as  the  quarter  wavelength  transformer  will  have 
least  loss.  ^  2<^ 

A  similiar  method  is  used  to  determine  1^  and 
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Zrp2>  only  difference  being  that  the  diode  is 

considered  as  the  source  rather  than  the  load.  In  this 
case,  the  general  lossless  impedance  formula  assumes 
the  form 


solving  for  1, 


Rq  Z^cdsbl  -  jR^sinbl 
RQCOsbl  -  jZ^sinbl 
and  ZT2 


(3.11) 


p  p  p  p  p  p  p  PP 

Rt  =  R2  +  Ry  +  xy  +  (H2  +R0SX2")  -482^^ 

2R- 

2  . (3.12) 


J-tan  ^ 
B2 


x2r0 


RtR2-Rq‘ 


z 


T2 


/50R^ 


(3.13) 

(3.14) 


Thus  far,  the  effect  of  additional  impedance 
contributed  by  the  filters  has  been  ignored.  Proper 
choice  of  1^  and  1^  ensure  this  assumption  is  valid. 

The  distance  1-^  will  be  considered  initially. 

At  the  fundamental,  the  bandpass  filter  has  some  reac¬ 
tance  jX-j  associated  with  it.  Transforming  this  reac¬ 
tance  to  P  must  produce  an  open  circuit.  Thus  the 
impedance  seen  at  P  by  the  fundamental  will  be  the  diodes 
with  no  contribution  from  the  filter.  Assuming  this 
condition  exists,  (Pig.  3.14)  then 

ZPT  =  00  . (3.15) 


transforming  to  T 

ZT  =  <j  Rq  —  <jPiji 


tanB^ 1^ 


(3.16) 
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Transf  orming 


to 


point  U 
R 


T 


JT2 


_  7 

T2 

+  Rip 


(3.17) 


P 


% 


■Jtc 


Band  Pass  P/Per 


FIG,  3.14  Output  Mate hing  Section  For  Narrowband  Doubler 

Finally,  the  following  condition  must  exist  if 
the  assumption  that  transforms  to  an  open  circuit  at 

the  diode  junction  is  to  be  valid: 

tjX'F'j  =  jR^tanB^ 1R 

R0+RBtanB1* 1D  . (3.18) 

Solving  for  1R 

=  1  tan  RqRb  ~  XF1R0 

1  XF1RB  +  RQ2  . (3.19) 

where  RB  -  ZT2  ^  ^ 

tanB^j  1^ 

ZT2  +  R0 


tanB.j  1q 


(3.20) 


•  .  .  . 


I B 
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Using  a  similar  technique  for  obtaining  1^  one  obtains 

1B  =  4~tan  R0RQ  “  XF2R0  . (3.21) 

•°2  i  '  9 

XF2RQ  +  R0 

where  Rq  =  RQ  . (3.22) 

tanB^l^ 

Utilizing  these  design  equations  (3.9,  3.10, 

3.13,  3.14,  3.19,  3.21)  and  empirical  formulas  derived 
from  manufacturers  data  for  optimum  input  and  output 
impedance,  the  2nd  doubler  was  constructed.  Reasonable 
agreement  was  obtained  w.r.t.  optimum  input  impedance 
between  Judd's  ^  theory  and  Motorola  data^^.  However, 


there 

was 

a 

large 

di 

screpancy 

between  output  impedances. 

Applying 

Judd's  theory  to 

the 

Motorola  IN 5 151  step 

recov 

ery 

dio 

•  de: 

Wp  = 

1 

1 

=  5  x  10^rad/sec 

. .  (3. 

.23) 

CMIN 

r 

s 

4  x 

10 

-12 

X 

.5 

M  =  w 

(n2 

1  )  = 

5. 

9  x  10 

-2 

..(3. 

C\J 

n 

2wcn 

P 

ll 

+ 

1 

2 

+  M 

— 

1.059 

..(3. 

.25) 

RIN  ~ 

s(  1 

+ 

1  )  = 
aM 

8. 

5 

,  26 ) 

R  . 
out 

=  s 

M 

1 

2 

+  ir 

-  8. 
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.27) 

From  Motorola  data: 


RIN  “ 

R  .  = 
out 
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CMINf IN 
70 

CMINfIN 


=  11.2 

17.5 


(3.28) 

(3.29) 


1 
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No  reasonable  explanation  for  the  large  discre¬ 
pancy  in  output  impedances  has  been  found. 

The  input  lowpass,  and  output  bandpass  filters 
were  of  stripline  construction  providing  40db  out-of- 
passband  attenuation.  Their  design  and  performance  are 
given  in-  Appendices  I  and  II  respectively. 

The  circuitry  used  to  obtain  experimental 
results  and  the  equivalent  circuit  for  the  multiplier 
and  filters  are  shown  in  Figures  3.15  and  3.16  resp. 

An  efficiency  of  52 $  rather  than  the  expected  58^6  was 
achieved,  the  discrepancy  probably  being  produced  by  error 
in  the  assumed  dynamic  impedance  of  the  diode.  The  dimen¬ 
sions  (stripline  center  conductor)  of  the  narrowband 
doubler  are  given  in  Fig.  3.17. 


Bios  Supply 


J  1 


O/recf/ona / 
Coupler 


i  SO  Si 


FIG.  3.15 


Narrowband  Doubler  Test  Circuitry 
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F/o.  3./6  Equivalent  circuit  eon  the  narrow  band  doubler 

AND  INPUT  AND  OUTPUT  P/L  TENS 


.33!" 

!.  845  " 

.52" 

/• 70 " 

.9225" 

!S5" 

to  Connector 


XI 


1 


^'D/ode 


.090 


to  Connector 


.334" 


■238' 


Fig.  3.17 


Dimensions  ( str/pl/ne  center  conductor)  of 
Narrowband  Doubler 
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4.  1 


CHAPTER  4 

High  Power  Doublers 


One  of  the  most  common  arrays  in  high  power 
multipliers  utilizes  ^/2  spacing  of  the  diodes  (at  the 
fundamental)  in  either  the  series  or  shunt  configuration 
(Sec.  2.3).  When  the  diodes  have  the  same  impedance 
with  respect  to  the  fundamental,  output  and  idling 
frequencies,  individual  output  power  from  the  diodes  is 
summed  at  the  load.  However  a  diode  mismatch  results 
in  unequal  input  power  distribution  and  output  phase 
which  both  tend  to  decrease  efficiency.  This  effect 
will  be  considered  by  analysing  the  two  diode  doubler  shown 
in  Fig.  4.1. 

The  step  recovery  diode  can  be  treated  as  a 
switch,  'on’  -under  forward  bias  or  when  containing 
stored  carriers,  and  'off'  at  other  times.  Let  it  be 
assumed  therefore,  that  the  switching  action  takes  place 

between  two  states  of  linear  resistance,  r^  when  turned  on 

(7) 

and  rfe  when  turned  off v  .  Considering  the  shunt  harmonic 
generator  shown  in  Fig.  4.1,  the  diode  currents,  and  i^, 

are  restricted  by  the  tuned  circuits  to  be  made  up  of  only 
two  frequency  components  at  the  input  and  desired  harmonic 
frequency : 
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i  -  i  e;jvvt  +  i*e-Jvrt  +  i  PjMwt  4.  -i*  e-jMwt 
dl  10  +  ’■O0  +  xHe  +  1M  e 


(4.1) 


I 


!  _  i  ■  e  .  .•  i  jMwt1 

xd2  10  0  +  x0  0  +  XM  0 


*i  -jMwt 
M  e 


(4.2) 


FIG.  4. 1  Two  Diode  (  A/2  Spaced)  Harmonic  Generator 


The  time  of  switching  may  be  related  to  the 
current  waveform  by  phase  angles  0  and  0  so  that  the 


time  variation  of  the  diodes  becomes 


+ 


dl 


rMe 


jM(wt  +  0) 


(t)  =  £ 

M=—  OO 

rd2(t')=Trie3M(wtl  +9) 


(4.3) 


M=  - 


oo 


(4.4) 
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Considering  i^  and  i q ' ,  respectively,  to  be  the  phase 
reference,  they  may  be  defined  as  even  functions.  (ie) 

•  •  *  |  .  *  i 

10  =  1o  anc^  io  =  i0  •  Therefore,  multiplying  equa¬ 
tions  (4.1)  and  (4.3),  and  (4.  2)  and  (4. 4)  together 
(ignoring  frequencies  at  the  fundamental)  gives  the  out¬ 
put  voltages  across  diodes  one  and  two  respectively. 


V  =  i  (r  e jM-10 
dl  0lM-1  +  rM+ 1 


jM+10^  e  jMwt 


+  i  (r  +  ix  +  r  )e^Mwt  +  i  *(r  e 
MUM  0;e  +  1M  1  2Me 


jMwt 


=  (A  +  B  +  C)PMwt  . (.4. ’5) 

Vd2  =  (E  +  F  +  S)e;iMwtl  . (4.6) 

Since  the  separation  betwreen  the  diodes  was  assumed 
to  be  X+  aX  ,  this  is  equivalent  in  the  time  domain  to 

2  “  , 

~rr  4- att .  Thus  t  =  t  '+  tt  +  att  .  Transforming  to 

w  w 

Vdf  and  summing  them,  the  output  voltage  will  be 

V„  =  (A  +  B  +  C)eOMt'  -TT_+Air)  +  (F  +  F  +  G)e3Mwt' 

0  w 

. (4.7) 

When  7\tt  -  0  ( exac-t  A/2  separation)  and  A  =  E,  B  =  F, 
and  C  =  G  (perfectly  matched  diodes),  the  output  wall 
contain  equal  contribution  from  both  diodes,  the  effi¬ 
ciency  being  comparable  to  the  one  diode  case  and  the 
power  handling  capability  doubled. 

For  the  case  of  diodes  having  unequal  reactive 
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and  or  resistive  components,  att  /  0  as  the  phases  of 
the  output  voltages  are  not  equal.  Also,  power  distri¬ 
bution  would  not  be  equal,  and  (A+B+C)/(E  +  F 
+  G),  thus  reducing  efficiency. 

The  stripline,  two  diode,  shunt  configuration 
multiplier  constructed  and  the  test  circuit  utilized  in 
obtaining  experimental  results  are  shown  in  Figures 
4.2  and  4.3  respectively.  Input  and  output  matching 
was  accomplished  with  double  stub  tuners j  filtering 
using  the  single  stub  method  described  in  Section  3.2. 
Tuning  screws  (non  symmetric)  were  inserted  between  the 
diodes  to  ensure  A/2  spacing  bet ween  them.  The  diodes 
shared  a  common  bias. 


FIG.  4. 2  Two  Diode,  Shunt  Configuration  Doubler 


(Center  Conductor) 
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B/as  Supp/y 


*  s' 


JL 


Double 

Stub  Tubes’ 


k  50/l 

Pc  <©  2G//Z 


FIG.  4. 3  Two  Diode  (  \/2  Spaced)  Doubler  Test  Circuitry 

An  efficiency  of  54/£  (Fig.  4.5)  as  opposed 
to  5 8$  for  the  broadband  single  diode  doubler  was 
achieved.  The  additional  loss  would  seem  to  be 
attributable  to  the  common  bias  technique.  If  the  diodes 
had  been  isolated  from  one  another  (with  respect  to 
D.C.)  the  bias  voltages  could  have  been  separately  ad¬ 
justed  for  optimum  performance.  (For  a  given  incident 
power  level,  the  optimum  bias  voltage  would  differ  slight¬ 
ly  on  the  two  diodes  as  they  were  not  perfectly  matched. ) 
Variation  of  output  power  with  forward  conduction 
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PEI/EES  E  B/as  i/s  Poea/aed  Co/veuc  t/oaj 
Cl/EEEA/T  A  EE  OurEET  Pqa/EE  ( Po  Pe  7 EE /EG ) 


P/g.  4.  4 


Porver  Ouf  ( yVa/fe) 
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F/g.  4.6  Power  out  vs  Frequency  ( /Vo  retun/no) 
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current  and  bias  (no  retuning)  is  plotted  in  Fig.  4.4, 
and  bandwidth  (no  retuning)  in  Fig.  4.6.  A  3db,  non- 
retuned  bandwidth  of  2.4$  was  obtained.  Theoretically, 
the  bandwidth  for  the  two-diode  ^/2  spaced  array,  should 
be  less  than  that  of  the  single  diode  multiplier  (2.5$ 
obtained).  However,  since  the  Q  was  lower  (54$  effici¬ 
ency  as  compared  with  58$  in  the  single-diode  case)  and 
the  circuit  containing  the  diodes  was  different,  no 
valid  comparison  can  be  made. 


4. 2  Stripline  Adaptation  of  Wilkinson  Hybrid  Circuit 


(25) 


In  order  to  examine  power  addition  from  several 
multipliers,  a  summing  device  having  N  isolated  and 
matched  output  ports  was  necessary.  Two  of  the  more 
commonly  used  dividers,  which  can  be  adapted  as  summing 
devices,  are  shown  in  Figures  4.7A  and  4.7B.  In  Fig. 
4.7A,  a  corporate  feed  structure  of  T  junctions  provides 
the  symmetry  necessary  to  provide  the  equiphase,  equi- 
amplitude  condition  independent  of  frequency.  In  Fig. 
4.7B  circular  symmetry  is  employed  where  all  the  output 
terminals  are  connected  to  the  common  conductor  of  the 
coaxial  line  and  combined  load  is  matched  by  means  of  a 
quarter  wavelength  transformer.  The  first  technique 
however  gives  poor  isolation  and  requires  a  binary 
number  of  output  ports  whereas  the  second  has  the  serious 
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disadvantage  of  no  output  isolation.  The  Wilkinson 
hybrid  circuit  however  maintains  phase  and  amplitude 
equality  between  any  number  of  outputs  independent  of 

fi equency ,  and  in  addition  provides  isolated  and  matched 
outputs. 


Out  puts 


\ - V* 


FIG-.  4.7  Commonly  Used  Power  Dividers 

The  power  divider  as  proposed  by  Wilkinson 
is  shown  in  Fig.  4.8.  The  circuit  consists  of  a  coaxial 
line  in  which  the  hollow  inner  conductor  has  been  split 
into  N  splines  of  length  A/4.  A  shorting  plate  connects 
the  splines  at  the  input  end  and  resistors  connected  in 
a  radial  manner  between  each  spline  at  the  output  end  and 
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a  common  junction.  A  reflected  signal  at  any  output 
power  will  travel  partially  via  the  resistors  and  the 
rest  back  to  the  input  splitting  again  at  the  junction 
and  returning  to  the  output  terminals.  Thus  the  re¬ 
flected  wave  arrives  in  two  parts,  one  1 80°  out  of  phase 
with  the  other,  when  the  splines  are  ^/4  in  length. 
Proper  choice  of  the  resistive  values  and  character¬ 
istic  impedance  of  the  spline  transmission  line  en¬ 
sures  that  the  two  parts  of  the  reflected  wave  are  of 
equal  amplitude  but  opposite  phase  thus  causing  complete 
cancellation. 


SHORTING  PLATS  (NOT  GNO) 


FIG 


4.8 


Wilkinson  Hybrid  Circuit 
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All  three  devices  discussed  here  can  be 
utilized  as  power  summing  devices  if  input  signals  of 
equal  phase  and  amplitude  are  applied  at  the  output  ports. 
Since  isolation  and  input-output  matching  are  required 
to  sum  power  from  several  multipliers  (in  order  to  reduce 
tuning  problems  and  maintain  efficiency  respectively) 
the  Wilkinson  device  was  chosen.  However,  stripline 
rather  than  co-axial  cable  was  utilized.  The  proposed 
two  port,  stripline  adaptation  of  the  divider  is  shown 
in  Fig.  4.9  and  its  equivalent  circuit  in  Fig.  4.10. 
Applying  the  transmission  line  equations  and  using 
the  notation  of  Fig.  4.10: 


V1  =  VacosS  +  ViaZ0sine  =  jI1aZ0 

ba=3h  . 

Z0 

Va  =  iJa2Z0  . 

ha'  =  . 

Z0 

la'  =  VR0  +  ha'  . 

Ha  =  V2/R0  "  lib  . 

(l1b  +  ha)R0  =  V  -  V1  . 

^ 1  ITo  +  hfRx  =  V1  ~  V2  . 


.(4.5) 

.(4.6) 

.  (4.7) 
.(4.8) 

.(4.9) 

(4.10) 

(4.11) 

(4.12) 
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V  •  \\  v  KL'<V' 
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Equations  (4.  5  -  4.8)  and  (4.  9  -  4. 12) may  be  combined 
to  show  that 

Va  +  ^R0/Z0V2  +  ^V1/Z0  =  0  . (4.13) 

^VaR0/Zn  +  (1  +  Ro/ 2R„ ^2  “  V1R0  =  0  * . (4.14) 

x  2R 

x 

jVa!o  "  1  Ro  V0  +  V1  +  R0  >  =  V  . U-15) 

Z0  Rx  h 

For  perfect  isolation  =  0,  and  the  equations  4.13 
to  4.15  may  be  combined  to  yield 

vi  1  . (4.16) 

V"  1  +  R0/R 
'  x 

or  =  b 

0  2R 

x 

and  for  matched  output  admittances,  one  obtains 
Y1  =  bb  +  ba  =  V  -  b  =n  . 

b  '  R0V1  0 

Combining  (4. 10)  and  (4. 11)  yields 
Rx  =  R0 

zo  =  2R0 

The  input  impedance  under  these  conditions  will  be  the 
parallel  combintation  of  two  output  loads  Rq?  after  each 

has  been  transformed  through  a  quarter  wavelength  of  line 
Zq.  Hence 

hnput  =_2o_  =  R0  . 

R0/2 


(4.18) 
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The  proposed  divider  (Pig.  4.9)  was  designed 
to  have  a  center  frequency  of  2GHz  but  was  found  experi¬ 
mentally  to  be  1.85GHz.  In  the  theoretical  model,  the 
resistor  2R^  was  assumed  to  have  negligible  length, 
whereas  in  the  circuit  constructed  it  was  of  the  order 
of  . 12  X  . 

The  principal  effect  of  this  appears  to  be 
that  it  shifts  the  center  frequency  for  best  performance 
to  a  lower  value  than  design  frequency,  and  perhaps, 
change  the  effective  resistance  of  the  internal  loads, 
since  the  current  through  the  length  of  the  resistor 
may  not  be  uniform.  Isolation  and  output  V.S.W.R. 
values  were  obtained  using  a  1 0Ojrz,  .  ^  watt  composition 
resistor  for  the  two  50 n  internal  loads.  The  measured 
isolation  characteristics  are  plotted  over  the  frequency 
range  1.2GHz  in  Fig.  4.11.  The  output  and  input  V.S.W.R. 's 
are  plotted  in  Pig.  4.12. 

4 . 3  Two  Diode  Doubler  Utilizing  Wilkinson  Hybrid  Circuit 

To  this  author’s  knowledge,  all  high  power 
multipliers  constructed  to  date,  with  the  exception  of 
Bartnik ' s ^ 2u  \  contains  N  diodes  arranged  in  one  or  a  combi¬ 
nation  of  the  array  types  discussed  in  the  introduction. 
Power  summation  of  separate  multipliers  seems  to  have  been 
ignored  as  increased  circuitry,  and  therefore  cost,  is 
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involved.  Thus,  in  the  investigation  of  harmonic 
generators  of  the  second  type,  it  was  of  interest  to 
simplify  component  design  (filters,  matching  devices, 
etc. )  without  degrading  efficiency  and  isolation. 

The  two-diode  stripline  doubler  tested  is 
shown  in  Fig.  4.16.  Input  matching  and  equal  power 
distribution  are  accomplished  by  means  of  a  co-axial 
"T"  junction v  ' ,  when  the  following  conditions  are 
satisfied: 

(1)  The  inherent  "T"  junction  susceptance 
is  small  compared  to  the  characteristic  im¬ 
pedance  of  the  line. 

(2)  The  diode  impedances  at  the  driving  fre¬ 
quency  (Z^  and  resp. ),  transformed  to  the 
T  junction  (Z^  and  Z^  ),  must  combine  to 
yield  Zq,  the  characteristic  impedance  re¬ 
quired  to  match  the  input  section.  This  is 
possible  when  /K^/q/  =  /K^  [$/  where  K  is  the 
voltage  reflection  coefficient  associated  with 
Z.j  and  Z^. 

If  the  junction  susceptance  is  large,  tuning 
screws  inserted  at  the  junction  can  be  adjusted  to  reso¬ 
nate  at  the  input  frequency. 

Filtering  was  accomplished  by  means  of  single 
stubs  (Fig.  3.3)  and  output  matching  by  double  stub  tuners. 
A  trombone  phase  shifter  v/as  inserted  into  output  arm  (2), 
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ensuring  equi-phase  signals  to  the  Wilkinson  hybrid  circuit. 

The  effect  of  bias  change  on  output  power  is 
shown  in  Pig.  4.17.  Output  power  versus  input  power  and 
frequency  are  plotted  in  Figures  4.18  and  4.19  resp¬ 
ectively. 

The  coaxial  "T"  junction,  when  matched  or 
nearly  so,  could  be  considered  to  be  a  center  fed, 
magnetically  coupled  cavity  terminated  at  each  end  in 
low  impedance.  As  frequency  increases,  these  terminations 
better  approximate  a  lossy  short.  In  the  circuit  tested, 
the  output  frequency  (1.85GHz)  is,  to  a  first  approxi¬ 
mation,  isolated  from  the  input  by  the  A/8  stub.  How¬ 
ever,  higher  even  harmonics  are  not  affected,  while  the 
odd  see  an  additional  susceptance  of  magnitude  Gq  at  the 
stub  intersection.  Since  the  distance  separating  the 
diodes  is  some  multiple  N(N  =  1,2,  ....)  of  A/2  at 
the  input  frequency,  higher  order  harmonics  can  flow,  as 
is  the  case  with  the  A/2,  two  diode  type  array.  However, 
the  two  diode  phase  shift  array  requires  an  input  matching 
device  which  is  accomplished  in  the  test  circuit  by  the 
coaxial  ”T".  Thus,  for  input  matching,  the  conventional 
phase  shift  array  has  no  advantage  with  respect  to  the 
amount  of  circuitry  involved. 

In  order  to  match  the  "T"  junction,  assuming 
its  inherent  susceptance  is  negligible  or  has  been  tuned 
out,  it  was  necessary  that  /K ^  0/  -  /K^  //  where  K  is 
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the  voltage  reflection  coefficient  associated  with  the 
diodes.  For  small,  normalized  diode  impedances,  /K^  Jq / 

/k2Z0/  when  R^  =  R^.  This  is  of  significant  interest 
as  matching  can  be  accomplished  when,  for  certain  ranges, 
the  reactive  components  of  the  diodes  are  not  equal  (with 
equal  power  distribution).  In  a  conventional  array,  it  ‘ 
is  essential  that  matched  diodes  are  utilized  as  re- 
active  mismatch  introduces  unequal  input  power  distri¬ 
bution  and  output  phase  which  both  tend  to  decrease 
desirable  output  power  and  introduce  additional  odd 
harmonics. 

Tuning  proved  to  be  relatively  simple  if  the 
following  procedure  was  followed: 

(1)  Having  set  the  bias  elements  adjust  line 
stretchers  (1)  and  (2)  (Fig.  4.16)  such  that 
equal  power  distribution  and  matching  occurs. 
This  can  be  determined  by  utilizing  direct¬ 
ional  couplers  or  the  method  proposed  in 
Section  3.3. 

(2)  Adjust  the  trombone  phase  shifter  for 
equiphase  output  [least  losses  occur  in  the 
power  divider  for  equiphase,  equiampli tude 
inputs]  followed  by  timing  of  the  double  stub 
tuners  for  maximum  output  signal. 

Since  the  filtering  system  utilized  does  not 
provide  complete  input-output  isolation  this  procedure 
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may  have  to  be  repeated.  Unlike  conventional  systems 
which  utilize  standard  filters,  output  isolation  of  the 
fundamental  (35db)  is  accomplished  in  this  system  by  the 
double  stub  tuners  and  the  power  divider. 

An  interesting  feature  of  the  circuit  was  that 
when  line  stretchers  (1)  and  (2)  were  adjusted  for  equal 
power  distribution  (PIHc(l)  -  Pref(l)  =  PINC(2)  -  Pref(2)) 

and  matching  (Pre^  =  0),  was  less  than  the  sum  of 

■^IN ( 1  )  an(i  PIN(2)  approximately  6  db  (Pig.  4.16). 


However 

PINC(2) 


the  total  transmitted  power  ( ^ jp.jQ ( -]  )  “  ^ref(l)  + 
~  ^ref(2))  was  elual  'to  the  input  power  when 


circuit  losses  were  accounted  for.  This  effective 
"increase”  in  incident  power  can  be  explained  utilizing 
experimental  results  obtained  with  the  circuit  shown  in 
Fig.  4.13. 


FIG.  4.13  Circuitry  Utilized  To  Show  Cavity  Effect 
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Three  20db  directional  couplers  (H.P.  coaxial 
940. 190011Hz)  were  used,  (A)  for  level  control,  (B) 
to  measure  incident  and  reflected  power  and  (C)  to 
measure  transmitted  power  through  the  stubs.  Monitor¬ 
ing  the  signal  at  these  points  did  not  seriously  affect 
the  wave  pattern  in  the  main  line  as  coupling  was  weak 
(20db).  The  20db  attenuator  was  inserted  to  ensure 
constant  output  power  fromthe  source  ( -P ( b )  =  constant) 

By  adjusting  the  double  stub  tuner  it  was  possible  to 
make  P 

dicating  that  the  line  section  to  the  right  of  the 
double  stub  tuners  becomes  a  low  Q,  coaxial  cavity. 

At  these  frequencies,  power  is  being  transmitted  to  the 

^-g)).  However  reflected  power 
from  the  short  terminating  G  is  once  again  reflected  at 
the  tuning  stub  such  that  constructive  interference 
occurs.  Photographs  shown  in  Fig.  4.14  show  the  effect 
of  various  tuning  stub  configurations.  This  "cavity" 
effect  would  seem  to  be  the  reason  for  the  apparent 
increase  in  incident  power.  As  the  diode  impedances  ter¬ 
minating  the  input  circuit  are  small  compared  to  the  char 
acteristic  line  impedance  and  their  separation  is 

approximately  NA/2,  (N  =  1,2,  - )  at  the  driving  fre¬ 

quency  ?Fo5 the  input  circuit  forms,  to  a  rough  approxi¬ 
mations,  a  coaxial  cavity,  thus  explaining  the  increase 
in  power  levels. 


coupler  (pref  (b)^  PINC 


C) 


>  P 


INC(B) 


for  particular  frequencies,  in- 
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In  summary  the  doubler  tested  compared  favourably 
(60 °/o  efficiency)  to  results  obtained  using  conventional 
methods.  The  circuitry  required  was  no  greater  than  that 
of  conventional  methods  and  the  design  is  perhaps  simpler. 

A  stripline  adaption  of  the  multiplier  tested  and  that 
required  for  a  2-diode,  phase-shift-type  array  of  comparable 
performance  is  shown  in  Fig.  4.13,  indicating  the  required 
circuitry  involved  for  each.  Heat  sinking  and  reliability 
would  seem  to  be  adequate.  If  a  stripline  power-summer 
employing  ferrite  substrates  could  be  utilized,  this  type 
of  system  could  more  readily  be  designed  to  provide  greater 
output  power  in  the  event  of  a  single  diode  failure  as  only 
input  matching  would  be  affected,  as  compared  to  a  phase 
shift  array  where  input  and  output  matching  would  be 
disrupted. 


FIG.  4. 1 4  Stripline  Adaption  (Top  View  of  Center  Conductor) 


For  The  Hybrid  Doubler 
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CHAPTER  V 


Conclusion 


Some  aspects  of  step  recovery  diode  harmonic 
generators  have  been  examined.  A  set  of  design  equations 
(Sect.  3.5)  was  derived  for  a  doubler  utilizing  quarter 
wavelength  transformers  as  matching  devices.  The  analy¬ 
sis,  although  dealing  with  the  single  diode  case,  can 
readily  be  adapted  to  a  N~diode  chain  as  arbritrary 
diode  impedance  was  assumed.  The  effect  of  incident 
power  and  harmonic  generation  efficiency  on  recombi¬ 
nation  current  in  such  a  multiplier  was  presented. 

A  method  for  tuning  an  N-diode  chain,  where 
the  diodes  operate  in  the  step  recovery  mode,  was  pro¬ 
posed,  allowing  one  to  tune  power  multipliers  which 
utilize  arrays  with  greater  ease.  Economy,  with  respect 
to  the  necessary  equipment  and  experimental  ease  were 
two  features  of  the  method. 

The  problem  of  diode  mismatch  and  its  effect 
on  conventional  multi-diode  arrays  with  respect  to  per¬ 
formance  was  examined  theoretically  and  experimentally. 

A  harmonic  generator  essentially  consisting  of  two 
multipliers  with  a  Wilkinson  hybrid  circuit  to  sum  their 
outputs  was  shown  to  be  capable  of  satisfactory 
operation  when  mismatched  diodes  were  employed.  The 
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circuitry  required  was  no  greater  as  compared  to  con- 
ventional  multi-diode  arrays,  the  performance  was  com¬ 
parable,  and  the  design  perhaps  simpler. 

Several  possible  areas  for  future  study  would 
seem  apparent.  It  would  be  desirable  to  investigate 
recombination  current  in  the  step  recovery  diode  as  a 
function  of  frequency  and  incident  power.  With  proper 
refinements  and  experimental  data  it  would  seem  possi¬ 
ble  to  predict  diode  impedance  when  the  source  power 
and  frequency  were  known  from  the  magnitude  and  direc¬ 
tion  of  the  D.C.  bias  current.  It  would  also  be  of 
interest  to  examine  multi-diode  harmonic  generators 
which  utilize  a  ferrite  device  to  sum  output  power 
from  separate  multipliers.  Thus,  isolation  between 
output  ports  would  be  maintained  in  the  event  of  fail¬ 
ure  of  one  or  several  multipliers.  If  a  power  divider 
was  used  at  the  input,  P.I.N.  switching  diodes,  sensi¬ 
tive  to  bias  current,  could  be  incorporated  in  the  cir¬ 
cuit  such  that  mismatch,  and  thus  loss  of  available 
input  po'wer  did  not  occur  in  the  event  of  such  failure. 

For  example,  if  a  particular  diode  failed,  the  bias 
current  would  cease,  and  the  P.I.N.  diode,  sensitive 
to  bias  current,  would  be  driven  into  forward  conduction, 
essentially  becoming  a  " short”.  With  the  proper  choice  of 
geometry,  this  "short"  would  transform  to  the  input 
power  divider  such  that  mismatch,  and  thus  loss  of 
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available  input  power  did  not  occur.  This  type  of 
circuit  would  have  the  advantage  of  greater  reliability. 
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APPENDIX  I 


Lowpass  Filter  Design 


A  filter  structure  of  the  type  shown  in  Fig. 

AI.1  (ie.  infinite  attenuation  at  finite  frequencies) 

was  considered  as  a  sharp  cutoff  rate  was  obtainable 

(28) 

.  Fig.  AI.2  illustrates  the  fashion  in  which  the 
filter  depicted  in  Fig.  AI.1  can  be  approximately  con¬ 
structed  in  printed  circuit  stripline.  The  various 

elements  are  seen  to  be  approximated  by  the  use  of  short 

( 29 ) 

lengths  of  high  and  low  impedance  lines'  .  The  T.E.M. 
equivalent  circuits  shown  in  Fig.  AI.3  were  used  to  cal¬ 
culate  the  necessary  dimensions,  with  additional  suscep- 
tance  or  reactance  associated  with  theTT  or  T  section 
respectively  being  compensated  for.  As  an  example,  at 
the  junction  of  the  inductive  line  elements  for 
and  in  Fig.  AI.2,  a  total  undesirable  capacitive  sus- 
ceptance  of  =  w^(C  +  w^(C  )2  +  w^(C  exists, 

due  to  the  three  inductive  line  elements.  The  suscep- 
tance  w.CT  can  be  compensated  for  by  correcting  the  sus- 
ceptance  of  the  shunt  branch  formed  by  and  C2  so  that 
B2  =  w1CL  +  B2C 

where  B2  is  the  susceptance  at  frequency  w.]  at  the  branch 

n 

formed  by  L2  and  C2  in  Fig.  A2. 1 ,  and  32  is  the  suscep- 
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tance  of  a  "compensated"  shunt  branch  which  has  L2 
and  C2  altered  to  become  and  in  order  to  com¬ 

pensate  for  the  presence  of  C-.  Fringing  capacitance 
(edge  effects)  was  also  compensated  for,  however  corner 
fringing  was  not  as  no  satisfactory  data  was  available. 

The  filter  was  designed  to  have  an  input- 
output  impedance  of  50ji,  51  db  out-of-passband  attenu¬ 
ation  and  a  cutoff  frequency  of  1.1GHz^wl\  The  follow¬ 
ing  normalized  (to  50r)  values^27^  satisfied  these  re¬ 
quirements. 
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A  photograph  of  the  completed  structure  with  the  upper 
section  of  the  stripline  assembly  is  shown  in  Fig.  AI.4. 
Circuit  dimensions  and  frequency  characteristics  are 
shown  in  Fig.  AI.5  and  AI . 6  respectively.  Tuning  screws 
were  inserted  at  the  locations  indicated  in  Fig.  AI.3  to 
reduce  the  input-output  V.S.W.R. 
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A  l3  i-S 


FIG.  AI . 1  Lowpass  Filter  Prototype 


F I G AI. 2  Stripline  Realization  Of  Fig.  AI.  1 
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F/o.  A/.  3  Photograph  of  L.  P  F/l  ter 


F/g.  A  /  4 
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APPENDIX  II 


Highpass  Filter  Design 

Using  the  Tchebysheff  prototype,  a  bandpass 
filter  was  designed  to  have  the  following  characteristics 
Wq  =  2GHz  (ctr.  freq),  bandwidth  =>  10^,  bandpass 
ripple  =  .01  db,  and  38  db  attenuation  at  1.8  GHz. 

By  the  standard  bandpass  to  lowpass  transformation, 
a  six  section  filter  with  the  following  prototype 
parameters  was  found  to  be  necessary  ’  .  [Fig.  4.03 

-  4 ,  Ref erence  1 1 ] 

g0  =  1 
g1  =  .7813 

=  1 • 6896 
g4  -  1.535 
g5  =  1.4970 
g6  =  .7098 
g?  =  1.1007 
w1  '  =  1 

The  stripline  realization  is  shown  in  Fig.  A2. 1 ,  each 
section  being  resonant  at  a  particular  frequency,  admit¬ 
tance  inversion  being  accomplished  by  quarter  wavelength 
coupling.  The  a.dmittance  inverter  parameters  are  re¬ 
lated  to  the  lowpass  prototype  parameters  by  the  follow¬ 
ing  relationship 
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and  the  even  and  odd  mode  impedances  ^  of  the  strip  by 
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( A2. 3 ) 


The  dimensions  of  the  strip  widths  w  .  .  1  (Fig.  A2. 1 ) 

and  gaps  S  .  .  1 ,  were  then  obtained  from  the  computed 

values  of  even  and  odd  mode  impedances  (Fig.  5.05  -  3 
(a)  and  (b)  of  reference  11).  These  values  are  given  in 
Table  A2. 1 . 

The  dimensions  d  .  .  .  indicated  in  Table 

A2. 1 ,  are  resonator  length  corrections  to  account  for 

the  fringing  capacitance  from  the  end  of  each  strip. 

The  basic  length  1,  indicated  in  Fig.  A  2. 1  is  a  quarter 

wavelength  at  the  center  frequency  (2GHz)  in  the  medium 

of  propagation,  while  the  actual  strip  lengths  are 

shortened  by  the  amount  d.  •  . • 

3  »  3  +  1 

The  completed  stripline  circuit  is  shown  in  Fig. 
A2.2.  Tuning  screws  (lower  photograph  of  Fig.  A2.2) 
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were  inserted  at  the  end  of  each  resonator  section,  to 
reduce  input  mismatch  at  2GHz.  The  frequency  characteris¬ 
tics  for  the  uncompensated  filter  (no  tuning  screws) 
are  given  in  Pig.  A2.3,  indicating  a  center  frequency 
of  2.1,  rather  than  the  theoretical  2GHz.  This  error 
would  seem  to  be  attributable  to  overcompensation  of 
fringing  capacitance  and  was  corrected  by  the  use  of 
tuning  screws  at  the  expense  of  reduced  bandwidth. 

s  b,j  +  i(IN)  sd,  j  +  i(IN)  b,c  +  i(IN) 


0 

.059 

.00525 

.0179 

1 

.0865 

.0275 

.0206 

2 

.090 

.0395 

.0206 

3 

.0902 

.0407 

.0206 

TABLE  A2 . 1  Stripline  Dimensions  For  Bandpass  Filter 
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or 


F/a.  A  2  2  Fpotogpaph 


3a a/d  Fags  F/l  tep. 
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frequency 


( ) 


F/g.  A  2.3  Frequency  Ch/irac tec/s t/cs  or  trr  3a/vd  Pass  F/ltec 
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APPENDIX  III 


Matching  Utilizing  "T"  Junction 


Input  matching  for  the  two  diode  doubler  incor¬ 
porating  the  Wilkinson  power  divider  (Section  4.3)  was 
accomplished  by  means  of  a  compensated  coaxial  "T" 
junction  (Pig.  A3.1).  Proper  choice  of  distance  x 
provides  for  input  matching  and  equal  power  distri¬ 
bution  as  illustrated  on  the  Smith  chart  in  Fig.  A3. 2 
where 


Z  =  diode  impedance 

Y  =  diode  admittance 

=  diode  (1)  admittance  transformed 
to  junction 

Y(2)*  -  diode  (2)  admittance  transformed 
to  junction 

Yq*  =  sum  of  diode  admittances  at  the 
junction 

The  effect  of  individual  diode  bias  variation 
with  respect  to  total  output  power  is  shown  in  Pig.  4.9* 
The  curve  characteristics  can  be  qualitatively  predicted 
by  considering  the  effect  of  diode  impedance  variation 
with  bias.  Considering  diode  (1)  initially,  as  bias  is 
decreased  from  its  optimum  value:  capacitance  increases 


(Fig.  3.9)  with  an  effective  impedance  decrease 


(5) 
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F/G.  A  3-2  /NPUT  MATCH/ NG  A//TH  A 


"  T  "  JUNC  r/OM 
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thus  shifts  to  some  new  point  Y*  '  on  the  Smith 
chart.  As  /Y^  '^/  >/Y  ^ 2 )*/>  rnore  power  will  be  delivered 
to  diode  (1),  however  less  input  power  is  available  due 
to  a  significant  mismatch  at  the  junction. 


FIG.  A3. 1  "T"  Junction  Matching 

Thus,  decreasing  the  bias  on  diode  (1) 
results  in  less  output  power  available  from  diodes  ( 1 ) 
and  (2).  Increasing  the  bias  with  respect  to  its  opti¬ 
mum  value  effectively  shifts  to  Y^  j,M,  resulting 

in  greater  power  absorption  by  diode  (2)  since  /Y^^,,!/> 
/Y(2)'A  the  sum  of  Y^^’’'  and  Y/^',  the  admittance 
seen  by  the  generator  at  the  junction,  is  relatively 
close  to  the  source  impedance,  resulting  in  a  reasonably 


, 
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good  input  match.  Thus  increasing  the  bias  on  diode  (1) 
would  result  in  large  amount  of  available  output  power 
from  diode  (2)  and  a  marked  decrease  from  (l).  This 
qualitative  analysis  would  seem  to  be  born  out  by 
experimental  results  shown  in  Fig.  A3. 3.  Using  a  simi¬ 
lar  argument,  curves  for  bias  variation  of  diode  (2) 
can  also  be  qualitatively  explained. 

The  total  output  power  available  is  the  sum  of 
P.^and  P^q  (see  Figure  A3. 3).  If  no  additional  losses 
occured  total  output  power  versus  bias  would  assume  the 
form  shown  in  Fig.  A3. 4  for  variation  of  bias  of  diode 
(1)  and  Fig.  A3. 5  for  diode  (2).  However,  since  addi¬ 
tional  losses  occur  in  the  Wilkinson  summing  device 

for  non  equiphase,  non  equiampli tude  inputs,  some  modi- 

(2b) 

fication  will  occur.  '  However  the  experimental  re¬ 
sults  (Fig.  4.9)  seem  to  roughly  correspond  with  the 
qualitative  theory. 

By  utilizing  a  Wilkinson  device  for  an  input 
power  divider,  less  sensitivity  to  variation  in  bias 
and  thus  aging  and  source  frequency  shift  would  occur. 
However,  the  problem  would  be  by  no  means  eliminated 
as  mismatch  at  either  output  arm  in  the  divider  would 
result  in  non  uniform  power  distribution  and  additional 
losses.  A  significantly  greater  amount  of  circuitry 
would  be  needed,  as  an  additional  divider  and  two  input 
matching  networks  would  be  required.  Although  stability 
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problems  and  spurious  oscillations  were  not  encountered, 
the  V/ilkinson  device,  if  used  as  an  input  power  divider, 
would  provide  isolation  between  input  ports,  and  thus 
greatly  reduce  any  potential  instabilities  or  higher 


order  resonances. 


Rzo  / Watts)  P/o  (.Watts) 
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Reverse  Bias  It/  ( l/olts  Pz  -  constant) 


1  5  10 

Reverse  Bias  Pz  (Ito/ts  P/  -  constant) 


Reverse  Bias  P/  ( Ho  its  Pz  -  constant) 
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J  t 


/  / 
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/  5  .  /O  . 

Reverse  Bias  Pz  ( Pot/s  P/  -  constant ) 


T-11 — 

y  D/odc/T) 


Reverse  Bios  i 2  |  — |  —  Reverse  Bias  I, 

Fig.  A  3.3  Effect  of  s/as  pap /at /of  of  output  poppet? 


Reverse  Bias  P/  ( P2  *  constant) 

Fig.  A  3.4  /Effect  of  b/ab  pa  f /at to  tv  of  o/ooe  Q)  otv  output  power 
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